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Abstract: Mechanical ventilation (MV) is commonly used in neonatal intensive care units (NICUs) to 
support breathing.  Anecdotally, male infants are harder to ventilate than females. In this study, the 
pulmonary mechanics of 10 invasively mechanically ventilated neonates from Christchurch Women’s 
Hospital, recorded during an observational trial with no protocolised change to care, are compared. We 
hypothesise males have higher specific lung elastance (elastance corrected for weight) than females, due 
to stiffer and less developed lungs. The specific elastance and resistance is identified for every breath using 
a single compartment model with a pressure loss term added to compensate for endotracheal tube 
resistance. Variability is determined by relative percent breath-to-breath variability (%ΔE) in specific 
elastance. Male infants had higher specific elastance compared to females (P≤0.01) with median 
[interquartile range] of 1.91[1.33‐2.48] cmH2O.kg/ml and 1.31[0.86‐2.02] cmH2O.kg/mL respectively. 
Males also had lower %ΔE median IQR of -0.03 [-7.56 - 8.01] and females had 0.59[-12.56 - 12.86]. The 
results validates our hypothesis that boys have higher elastance than girls. These results also suggests males 
and females should be ventilated differently. 
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1. INTRODUCTION 
Mechanical ventilation (MV) is commonly used in neonatal 
intensive care units (NICUs) to support breathing (Brown and 
DiBlasi, 2011; Liggins and Howie, 1972; Sweet et al., 2013) . 
It is a core therapy for pre-term neonates due to their 
underdeveloped lungs, respiratory distress syndrome (RDS) is 
due to surfactant deficiencies (Brown and DiBlasi, 2011; 
Griese, 1999; Kribs et al., 2015; Torday and Nielsen, 1987). 
Male infants are reported to have higher incidence of RDS, 
morbidity, and mortality than females at similar birth weight 
(Hislop et al., 1986).  Anecdotally, males are also harder to 
ventilate than females (Peacock et al., 2012; Torday and 
Nielsen, 1987). Thus, there is a need for greater analysis 
around sex differences in these cohorts and its potential impact 
on therapy delivery. 
Model-based methods can be used to identify pulmonary 
mechanics. It can be used to further enhance understanding of 
patient condition (Sundaresan et al., 2011). A single 
compartment linear lung model (Bates, 2009; Greenspan et al., 
1988; Kim et al., 2019)  can reliably identify patient’s lung 
condition and have been applied to retrospective neonatal MV 
data (Kim et al., 2019). 
This pilot study aims to determine patient-specific elastance 
and, inter- and intra- patient breath-to-breath variability 
between male and female neonates using the single 
compartment model. The hypothesis of this study is males will 
have higher specific elastance (stiffer lungs) and lower 
variability. 
2. METHODS 
2.1  Patient data and data acquisition 
Data recorded from 10 neonates in Christchurch Women’s 
Hospital NICU were collected, under observational and non-
interventional settings. Informed parental consent was 
obtained prior to recruitment and up to 24 hours of airway 
pressure and flow waveforms were recorded. Ethics approval 
was granted by New Zealand Northern B Health and Disability 
Ethics Committee (ref: 16/NTB/16). 
Patients were ventilated under standard care and with high-
frequency oscillatory ventilation (HFOV) or conventional 
ventilation (CV) on a SLE5000 neonatal ventilator (SLE, UK). 
Some patients received MV under more than one mode, but 
most received patient triggered ventilation (PTV) with 
targeted tidal volume, a SLE specific mode. Where a patient 
received a different MV mode within a day of a data recording, 
parental consent was obtained to undertake a second recording. 
Patient details are given in Table 1. Data from Patient 1, who 
only received HFOV is excluded, as HFOV exhibits very 
different dynamics. 
Patient data was recorded at sampling rate of 125 Hz. 
MediCollector (MediCollector, USA) software was connected  
to a Philips Healthcare MP70 bedside monitor connected to a 
SLE5000 via a M1032A Vuelink respiratory module was used 
to capture the data.  Further data acquisition details can be 
found in (Kim et al., 2019). 
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2.2  Model Fitting 
A linear single compartment lung model with Jarreau’s 
equation (Jarreau et al., 1999) to compensate for pressure loss 
across the endotracheal tube (ETT) is used to identify patient-
specific lung elastance and resistance and is defined: 
 𝑃𝑃𝑎𝑎𝑎𝑎 =  𝐸𝐸𝑟𝑟𝑟𝑟𝑉𝑉 + 𝑅𝑅𝑟𝑟𝑟𝑟𝑄𝑄 + 𝑃𝑃𝐸𝐸𝐸𝐸𝑃𝑃 + ∆𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸  (1) 
Where Q is flow (ml/s) and V is volume (ml), Paw is the 
resulting airway pressure (cmH2O). The identified parameters 
are lung elastance, Ers (cmH2O/ml) and airway resistance, Rrs 
cmH2O.s/ml. ΔPETT is the term to capture pressure loss across 
the ETT. This equation has previously been validated  in (Kim 
et al., 2019) and uses the empirical equation 2 (Kim et al., 
2019).  
In this study, patients vary in weight, and gestational age. 
Therefore, direct comparison in elastance for boys and girls is 
not possible. Specific elastance (ESpecific) incorporates weight 
as marker for maturity and allows direct comparison between 
patients. ESpecific is the reciprocal of the specific compliance, a 
metric used previously to measure the intrinsic elasticity of the 
lung tissue independent of lung volume (Kannangara et al., 
2018). Especific is calculated by: 




















































































































2-2 PTV +TTV F 570 770 
25 
31 23 5 4 N 2 Pr/Po Severe RDS, CNS Sepsis. 





3400 3400  
23 
32 
3 5 13 Y 21 
Po Severe Hypoxic Ischemic 
Encephalopathy, Seizures 
4 PTV +TTV F 2750 2750 41.5 2 2 5 11 Y 19.3 - PPHN 
5 PTV +TTV 
F 
1580 1580 37 
0 
1 5 7.9 N 8.2 
Pr MCDA twin, Maternal 
Pre-eclampsia Toxaemia 
6 PTV +TTV 
M 
1170 1170 29.9 
2 
1 5 5 Y 21 
Pr Oesophageal atresia, post 
op from surgery 
7 PTV +TTV F 960 1990 27.4 45 5 5 6.6 N 23.6 Pr Abdominal surgery 
8 PTV +TTV F 770 770 28.1 2 2 5 3 N 22  RDS 
9 PTV +TTV M 820 - 25.7 4 5 5 4 Y 24.6 Pr RDS 
10 PTV +TTV M 810 810 25.3 4 1 5 4 N 42.8 Pr RDS 
Pr is pre-natal, Po  is post-ntal.  PTV: patient triggered ventilation. PSV: pressure support ventilation. TTV: Targeted tidal volume. 
RDS: Respiratory Distress Syndrome. PPHN: Persistent pulmonary hypertension of the newborn. CNS: central nervous system. MCDA 
twins: monochrionic diamniotic twin gestation. 
Table 2. Median IQR of specific elastance and breath-to-breath percentage difference in specific elastance. 






















2 F 5 0.86 [0.57 - 1.70] 1.13 1.32 -1.60 [-17.83 - 16.16] 33.99 
3 M 21 0.50 [0.36 - 0.72] 0.36 0.74 -1.45 [-29.84 - 38.13] 67.97 
4 F 19.3 1.12 [0.69 - 1.86] 1.17 1.05 -0.88 [-14.40 - 15.11] 29.51 
5 F 8.2 0.67 [0.59 - 0.82] 0.23 0.35 -0.31 [-11.55 - 12.61] 24.16 
6 M 21 2.53 [2.24 - 2.97] 0.73 0.29 -0.05 [-5.33 - 5.63] 10.96 
7 F 23.6 2.07 [1.46 - 2.59] 1.13 0.55 -0.54 [-10.58 - 10.36] 20.94 
8 F 22 1.29 [1.01 - 1.72] 0.71 0.55 -0.47 [-12.99 - 13.55] 26.54 
9 M 24.6 2.28 [1.84 - 2.57] 0.73 0.32 -0.02 [-9.53 - 9.65] 19.18 
10 M 42.8 1.43 [1.17 - 1.65] 0.48 0.34 0.07 [-6.60 - 7.24] 13.84 
All*  187.5 1.65 [1.08  - 2.37] 1.29 0.77 -0.20[-9.40 - 9.63] 19.03 





1.31 [0.86 - 2.02] 
1.16 
0.89 -0.59[ -12.56 -  12.86] 25.42 
* These categories are weighted by the contributing number of breaths from each patient 
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Breaths were defined by checking for inspiration and 
expiration. Positive airflow with overall increase in flow and 
pressure is determined as inspiration. Expiration is determined 
as first negative airflow with overall decrease in flow. Breaths 
are also filtered if maximum inspiratory volume or peak 
inspiratory pressure was small as such breaths does not 
represent a proper breath.  
 
2.3  Male infants vs female infants 
The hypothesis is that females have more developed, and 
therefore have more compliant lungs (lower elastance) than 
male infants, as males are typically sicker and less developed 
(Peacock et al., 2012; Stevenson et al., 2000; Torday et al., 
1981; Torday and Nielsen, 1987). Thus, it is expected the 
Especific is higher for male infants than female infants and 
airway resistance is hypothesised to be similar between the two 
cohorts.  
Due to large number of breaths in this study (422,475 breaths), 
standard statistical comparison tests are not applicable. Instead 
bootstrapping methods are used to compare the medians from 
10,000 breaths with replacement, repeated 10,000 times. A 
99% confidence interval (CI) for the difference in median 
specific elastance value are created. If the CI does not cross 
zero, then the differences in medians are statistically 
significant with P ≤ 0.01 (Motulsky, 2015). The choice of 99% 
CI (P≤ 0.01) was made to be more conservative than 95% CI 
(P≤ 0.05), due to multiple comparisons.  
 
2.4  Variability analysis and comparison 
Preliminary study showed large intra- and inter- patient 
variability. Patient variability is quantified using percentage 
difference in breath-to-breath specific elastance (%ΔE). The 
percentage difference in elastance is determined by current 
specific elastance and forward specific elastance, defined: 
%∆𝐸𝐸 =  
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑁𝑁) − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑁𝑁 + 1)
𝐸𝐸𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑁𝑁 + 1)
 × 100 
(2) 
A box plot is also used to show the overall distribution of 
Especific for all patients. It is hypothesized that female cohort 
will have (hypothesised) higher intra- and inter- patient 
variability, as they have more compliant lungs and thus are 
easier to inflate in comparison to stiffer lungs of male cohort.  
It should also be noted more compliant lungs are much more 
responsive to changes in small flow-volume input.  
The overall variability is calculated using median interquartile 
range (IQR:25th -75th) of specific elastance and its breath-to-
breath change over the distribution.  
 
3.0 RESULTS 
3.1  Specific Elastance: Male vs Female infants 
The male cohort had higher specific elastance than the female 
cohort, as seen in Fig. 1. The median [IQR] of specific 
elastance for male cohort was 1.91 (1.33‐2.48) cmH2O.kg/mL 
compared to the female median [IQR] of 1.31 (0.86‐2.02) 
cmH2O.kg/mL (P < 0.01). The median [IQR] resistance was 
0.00 (0.00‐0.02) and 0.02 (0‐0.05) cmH2Os/mL for males and 
females, respectively (P < 0.01), where this low reistance 
implies the primary resistive loss is to the ETT tube, as 
captured by ∆𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸  in Equation 1. Comparison of specific 
elastance and resistance values are statistically significant, (P 
< 0.01) between male and female infants, but the resistance 
values are likely clinically insignificant and thus not 
equivalent. Alternatively, more developed lungs may have 
increased resistance due to greater numbers of branches and 
alveoli, and thus the female cohort has overall higher elastance 
median and IQR.  
 
 
Fig. 1. Boxplot of ESpecific and resistance of two cohorts. 
 
Fig. 2 and Table 2 shows males have overall consistently 
higher specific elastance than females. However, Patient 3 
has the lowest specific elastance and variability. This male 
patient was a near term baby and intubated for different 
reasons. 
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Fig. 2. Boxplot of ESpecific for all patients 
 
3.2  Variability 
The inter- and intra- patient variability in Table 2 of specific 
elastance is large. Table 2 and Fig. 2 shows the median IQR 
specific elastance and breath-to-breath %ΔE is higher in 
females than makes, and the IQR range (75th – 25th) of breath-
to-breath variability is also higher for females at 25.42% 
versus 15.57% for males.  
Fig. 3 plots median specific elastance against the IQR range of 
%ΔE. It shows a hyperbolic relationship with R2 = 0.73. 
Eliminating the outlier at (0.5,68%; Patient 3, Male), results in 
R2 = 0.71. Thus, there is strong relationship between lung 
function and breath-to-breath variability. It also shows stiffer 
lungs result in lower breath-to-breath variability as the lungs 
are less compliant to ventilator drive, as hypothesised.  
 
 
Fig. 3. Relationship between median specific elastance and 
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4. DISCUSSION 
4.1  Male vs Female infants  
Anecdotally, male infants are harder to ventilate than females. 
This anecdote matches these results, where males show stiffer 
lungs with higher elastance compared to females (P≤ 0.01). 
This key result also indicates the single-compartment model is 
able to capture and describe trends in MV physiology.  
The outlier to this trend was Patient 3, ventilated for reasons 
unrelated to lung function due to severe hypoxicischemic 
encephalopathy. This patient was also a full-term infant with 
weighing 3400g and thus, had a fully developed lungs.  Thus, 
as a term and non-lung function compromised infant, their 
lung dynamics are expected to differ from the rest of the 
infants in Tables 1 and 2.  
The identified resistance values were extremely small. This 
result is due to the term added to compensate for pressure loss 
across ETT. ETTs used in the NICU have small diameter and 
are thus the largest resistance in patient breathing. When 
calculating the pressure loss across the ETT, this term absorbs 
most of the resistive component in the observed dynamics. 
Patients in this cohort had ETT diameter between 2.5-4mm 
based on their weight (Kim et al., 2019).  
 
4.2  Variability 
Intra- and inter- patient variability was large. The highest 
breath-to-breath percentage difference in specific elastance 
was 68% by Patient 3 (M) and lowest was 11% by Patient 6 
(M). The %ΔE distribution can vary significantly across 
patients.  
The median IQR of Especific, %ΔE, and boxplot shows both 
intra- and inter- patient variability is large. However, overall, 
the female cohort has higher variability compared to male 
cohort. This outcome matches the hypothesis in this study, as 
males are expected to have stiffer lungs and thus, lower 
variability, as their lungs are much less responsive to ventilator 
input 
The hyperbola in Fig. 3, shows high correlation between 
median specific elastance and IQR range of breath-to-breath 
variability with R2 = 0.73. This value does not change much if 
the outlier Patient 3 is removed at (0.5, 68%). The hyperbola 
shape makes physical sense, as specific elastance increases 
(gets stiffer), the breath-to-breath variability decreases (less 
variations/ due to stiffer lungs), but never reaches zero.  
 
4.3  Clinical considerations 
Specific elastance is a measure of patient lung condition when 
accounting for patient weight and development. Patients with 
higher weight are associated with stronger lung development 
and increased lung volume (Hislop et al., 1986). At greater 
lung volume, lung elastance is expected to be lower due to 
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scaling considerations (Kannangara et al., 2018). The patients 
in this study were not the smallest infants, but did tend to be 
the most premature (Table 1). Thus, it seems likely that overall 
lung dynamics do differ between the sexes. Specifically, a 
higher in specific elastance in males indicates stiffer lungs than 
females after accounting for weight. In addition, females were 
more variable as a result.   
The difference in specific elastance results suggests MV 
management should be differentiated. Males have stiffer lungs 
and thus are less responsive to MV, which poses a greater risk 
of injury or under recruitment. Females have higher 
variability, and likely need frequent changes of MV mode and 
observations.  
 
4.4  Limitations 
The study is limited by the small patient numbers (N = 9), but 
the number of recorded breaths are very large (422,475 
breaths). The results are validated by large data set and robust 
statistics and matches with the initial hypothesis. The male vs 
female comparison can be further validated with larger studies.  
The model itself is simple, and analyses lungs as a combined 
volumetric unit. Therefore, it is unable to independently 
describe differences in MV properties between the lungs or 
lung units (heterogeneity), but presents an overall average 
description of their combined behaviour. This model has been 
successfully applied to adults (Chiew etal., 2011; Sundaresan 
et al., 2011; van Drunen et al., 2013), and has the advantage in 
that it can be identified using readily available bedside data 
with no additional measurements (Szlavecz et al., 2014). 
The single‐compartment model is structurally simple 
compared nonlinear models. Nonlinear models might be able 
capture more specific differences and insight in lung 
mechanics properties. However, such models are far less 
identifiable and often not practically identifiable (Docherty,et 
al., 2011) meaning unique parameter values may not be able to 
be found with the clinical data available without invasive and 
burdensome added procedures or measurements not typically 
available for this cohort. There is thus a trade‐off of ease of use 
and detail (Chase et al., 2018). 
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6.  CONCLUSION 
There was noticeable difference in specific elastance between 
two cohorts, male and female infants. The intra- and inter- 
patient variability was also significantly different. Both result 
matched initial hypotheses. That males have higher specific 
elastance than females and therefore lower overall variability. 
These initial findings show males and females should be 
ventilated differently in NICU.  
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